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Abstract 
The conventional magnetorheological fluid (MR) brake has been used as resistant sources for specific applications. 
However, the limited torque prevents it to be widely commercialized. This paper presents a new MR brake that improves 
the brake torque by enlarging the magnetic field strength. The unique structure is formed by multiple electromagnetic poles 
surrounded by several coils. Various input power supplies and geometrical dimensions have been offered. The effects of 
brake structure and input power for torque enhancement were investigated. The design with maximized torque based on 
optimal input power has been found using Sequential Nonlinear Programming (SLNP) optimizer. The operation concept of 
the new MR brake was confirmed by the magnetic simulation results. It concluded that the brake archives high braking 
torque, which promises for future applications. 
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1. Introduction 
Conventional MR brake has been developed for years. The brake is equipped by a single magnetic pole 
structure originally [1-4]. The disadvantages of this structure are limitation for active MR fluid area and the 
non-flexibility in enhancement of applied magnetic field. Active MR fluid is the fluid placed under applied 
field and its yield stress can be controlled by varying the field strength.  As shown in Figure 1, the active MR 
fluid area of conventional designs are limited by the geometrical constrain. For disc type, the area is limited by 
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the dimension C as figure 1(a). For the drum type, it is limited by the dimension A as figure 1(b). Moreover, as 
the dependence of field torque to magnetic field strength [5], it is difficult to enhance the field strength by 
increasing the turn of coil. Because the coil size is restricted by dimensions A and B for both structures. 
This study proposes a new operation concept of MR brake which solves those two issues. Concept and 
mathematical model of the new MR brake were discussed. Torque enhancement for the new MR brake was 
investigated by multiple aspects such as material, geometrical dimension and input power. 
 
 
Fig. 1. Structure of conventional MR brake: (a) Disc type and (b) Drum type 
2. Theory and mathematical model 
The new MR brake consists of a solid and magnetically permeable stator with multiple poles. The rotor is 
placed outside while its poles surround the inner rotor as in figure 2. The magnetic flux travels following the 
path of red lines and the direction of magnetic flux in each pole is opposite to that of its two adjacent magnetic 
poles. By that distribution, the flux will travel in a closed loop: from one pole, through the MR fluid gap, to the 
rotor, back to the MR gap and into the two adjacent poles. As a result, all MR fluid in the channel between the 
cylindrical surface of the rotor and the stator will be orthogonally penetrated by magnetic flux. It produces 
yield resistance in the fluid, thus creating field torque for the brake. In this study, the performance of those two 
types MR brakes with 6 poles have been analyzed and verified. 
To described the shield characteristic of MR fluid, Bingham-Plastic model has been used in this study [6]. 
According to the model, total shear stress in MR fluid under applied magnetic field is given by 
yW W KJ    (1) 
where W  is the total shear stress, yW  is the yield stress developed in response to the applied magnetic field, 
K  is the viscosity of the MR fluid with no applied magnetic field. The shear rate of the MR J  brake behaves 
like direct shear mode [7]: 
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where r is the relevant radius, Z  is the angular velocity of the rotor and g  is the thickness of the MR fluid 
gap, respectively.  
Different types of MR fluids are used in this study for evaluation. Its yield stress yW  in equation (1) can be 
approximated by curve-fitting method using the data from [8–10]. The working area of the multi-pole MR 
brake is the cylindrical surface of the rotor where the fluid is activated by applied magnetic field. Torque 
generated by the brake can be calculated from [11] 
where the length of torque arm is the rotor radius rR ; T  and z  are the cylindrical coordinate system of the 
rotor as shown in figure 3. 
 
Fig. 2. Concept of the new MR brake.  
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Fig. 3. The cylindrical coordinate system applied to rotor 
The first, second and third components on the left side of equation (3) are field torque fT , viscous torque vT , 
and friction torque frdT  respectively. This paper mainly focuses on the improvement of torque based on 
magnetic field enhancement. In the following section, detailed investigation about this issue will be discussed. 
3. Investigation of Torque Enhancement 
This section tends to investigate the performance of torque enhancement based on optimized geometric 
structure and suitable input power. It is obvious in [8–10] that the yield stress yW  is linear to the magnetic field 
strength applied to the fluid HMR that is influenced by input power as well as other geometric parameters. At the 
first step, fixed conditions are set to figure out the optimal size and input power. Afterward, different influences 
to the torque enhancement such as materials for brake hardware, type of MR fluids and thickness of MR layer 
have been simulated and discussed. 
Figure 4 shows the major parameters that are used in the investigation. The fixed condition is explained as 
follows. The stator and rotor are made by AISI 1018. The Lord 140CG MR fluid is used. To exclude the effect 
of thickness of MR layer tMR as well as rR  and z to the field torque, those dimensions are kept at constant 
value of 0.5 mm, 44.5 mm and 75 mm, respectively. The outer diameter is also kept at 140 mm for our specific 
application. Other key design variables (DV) and their ranges are listed in table 1 as follows 
 
 
Fig. 4. Geometrical parameters of the new MR brake 
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Table 1. List of variables used for investigation 
Variables Explanation MinDV~MaxDV 
g 
The gap between poles which affects the 
travelling of magnetic flux through MR 
fluid layer 
2~25 mm 
c Thickness of the magnetic pole 12~20 mm 
ts Thickness of the outer ring of stator 2~9 mm 
tr Thickness of the rotor ring 2~9 mm 
NI Magnetomotive force (MMF) of the coil which is the source of magnetic field 
300 to 900 amp-turn, 
increment 100 amp-turn 
 
Magnetic analysis has been employed to solve the optimization problem above. A 3D simulation model 
containing completed components and material properties of the new MR brake has been built. A sequential 
nonlinear programming (SNLP) optimizer was employed for optimization. With light evaluation of the cost 
function, SNLP has a good approximation of the cost function in terms of the optimization variables. The 
SNLP optimizer creates a response surface using a Taylor Series approximation from the FEM simulation 
results available from past solutions. Therefore, optimetric process should be done in advance for optimum 
search domain of the design variables. It is called the focus box, as shown in figure 5. 
The response surface is used in the optimization loop to determine the gradients and calculate the direction 
and distance for next step. It helps to reduce the number of FEM simulations and greatly speed up the problem-
solving. Convergence is improved as more FEM solutions are created and the response surface approximation 
is improved. The optimization procedure is explained in the flowchart as seen in figure 6. 
minDV maxDVF- F+
Starting point
Focus box
Domain
 
Fig. 5. The initial focus box for SNLP. 
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Fig. 6. Optimization flowchart for optimal design of the multi-pole MR brake. 
4. Result and Discussion 
4.1. Optimal structure with acceptable input power 
Optimal results were found by SLNP method for different input powers as shown in table 2. The iteration 
value means the number of step that optimizer need to run to reach optimal solution. 
Table 2. Optimal values of parameters of the new MR brake 
NI (amp-turn) Iteration c (mm) tr (mm) ts (mm) g (mm) 
300 3 15.74 5.82 7.01 8.40 
400 27 15.97 5.85 7.56 11.01 
500 42 15.99 5.88 7.78 11.44 
600 8 18.79 5.15 7.75 12.07 
700 45 19.20 5.21 7.13 14.85 
800 99 19.70 5.36 7.58 15.53 
900 32 19.97 9.98 7.98 18.95 
Table 3 lists the round values of design variables for manufacture from above data. Since the torque T rises 
as input power NI increases, it is noticed that the gap between two adjacent poles g is also increased.  
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Table 3. Round values for manufacture 
NI (amp-turn) c (mm) tr (mm) ts (mm) g (mm) T (Nm) 
300 16.0 6.0 7.0 8.5 21.95 
400 16.0 6.0 7.5 11.0 25.14 
500 16.0 6.0 8.0 11.5 25.17 
600 19.0 6.0 8.0 12.0 26.93 
700 19.0 5.5 7.0 15.0 27.38 
800 20.0 5.5 7.5 15.5 28.70 
900 20.0 6.5 8.0 19.0 31.78 
Due to the special operation concept of this proposed MR brake, only the magnetic flux that is perpendicular 
to the fluid will contribute to the generation of resistance for the brake as shown in No.1 and No.3 areas in 
figure 7. From this figure, magnetic flux in the No.2 area must be reduced as much as possible. It can be done 
by adjust the gap g between each pole. As a result, it is necessary to figure out the solution that produces 
sufficient amount of torque by employing the magnetic flux effectively to orthogonally penetrate the MR fluid 
layer. It is also noted that magnetic saturation must be avoided for the MR brake structure during the 
investigation. 
Due to the special operation concept of this proposed MR brake, only the magnetic flux that is perpendicular 
to the fluid will contribute to the generation of resistance for the brake as shown in No.1 and No.3 areas in 
figure 7. From this figure, magnetic flux in the No.2 area must be reduced as much as possible. It can be done 
by adjust the gap g between each pole. As a result, it is necessary to figure out the solution that produces 
sufficient amount of torque by employing the magnetic flux effectively to orthogonally penetrate the MR fluid 
layer. It is also noted that magnetic saturation must be avoided for the MR brake structure during the 
investigation. 
 
Fig. 7. Direction of magnetic flux in MR fluid layer 
The plots of magnetic field strength for three cases of different input powers are shown in figure 8 to 11. 
The higher input power is, the better magnetic field strength is created. However, to employ the flux efficiently, 
optimizer has increased the gap from 8.5 mm to 12 mm and 19 mm as NI rises from 300, 600 and 900 amp-
turn, respectively. It results in high magnetic field strength at pole areas and small one in the gap. The 
formation of magnetic flux agrees to the concept of the new MR brake. 
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Fig. 8. Magnetic flux direction and distribution between two adjacent pole at NI=300 amp-turn 
 
Fig. 9. Magnetic flux direction and distribution between two adjacent pole at NI=600 amp-turn 
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Fig. 10. Magnetic flux direction and distribution between two adjacent pole at NI=900 amp-turn 
With different optimal designs, the summary of maximum brake torque to maximum input power is shown 
in figure 11. Considering the required torque and minimal input current, the design with NI equal to 400 amp-
turn is chosen.  Its maximum torque is 25.14 Nm. This design is used for further simulation to investigate the 
different influences to the torque enhancement. 
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Fig. 11. Maximum brake torque of the new MR brake at different maximum input power  
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4.2. Investigation of different influences to the torque enhancement 
Materials of stator and rotor: There popular carbon steels were chosen as candidates for the new MR brake. 
The results are shown in figure 12. Although the AISI 1008 and AISI 1010 provide better output torques at low 
input powers than that of AISI 1018, those two steels seem to be saturated at higher input power. The clue is 
the downgrade of torque starting at around 340 amp-turn. Saturation is avoided with the design made by AISI 
1018 steel. It confirms that AISI 1018 is suitable for this new MR brake 
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Fig. 12. Brake torque at various input power with different types of steel  
The thickness of MR layer: Different values of the thickness of MR layer were simulated to analyze the 
effect to output torque. In figure 13, the bigger the MR layer is, the smaller output torque the brake can 
produce. As the fluid is under applied magnetic field, particles within MR fluid will be connected to form many 
chains following the direction of magnetic flux. These chains cause the fluid to be solidified. The increase of 
MR layer thickness results in the weakness of the chain connection between particles that lead to the reduction 
of output torque. Based on the manufacture capability, a thickness of 0.5 mm is acceptable. 
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Fig. 13. Brake torque at various input power at different thickness of MR fluid layer 
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Type of MR fluid: The MR fluid quality can be estimated based on its yield stress under specific magnetic 
field. Three types of commercial MR fluid from Lord Company have been examined and the result is shown in 
figure 14. At low input current, the torque is similar for three types of fluid. However, as the input power 
increases, the yield characteristics of fluids are differed. The 140CG MR fluid proves its potential as it 
generating higher output torque than other fluids with the same input power. As a result, it is chosen for further 
study. It can be conclude that the new MR brake with the detail specifications listed in table 4 is feasible for 
later application. 
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Fig. 14. Brake torque at various input power at different types of MR fluid 
Table 4. Specification of the optimal new MR brake 
NI (amp-turn) c (mm) tr (mm) ts (mm) g (mm) tMR(mm) Materials 
400.0 16.0 6.0 7.5 11.0 0.5 Lord 140CG MR fluid AISI 1018 steel 
 
The final optimal design of the new MR brake has later been manufactured and experimented [11]. The 
comparison of torque between simulation and experiment of this final optimal design is also discussed. It 
proves that simulation methodology is adaptable to the design procedure of the new MR brake. Moreover, 
comparison between this new brake and available MR brakes in literature was also discussed in [11]. The new 
MR brake proves that it can provide a feasible braking performance at an acceptable size. 
5. Conclusion 
A new MR brake is proposed and simulated in this paper. Its operation concept and structure are different 
from conventional MR brake. The multiple-pole structure has been analyzed to figure out the optimal design 
with maximum torque while maintaining acceptable input power. The optimum torque of 25.1 Nm is achieved 
with the using of AISI 1018 steel, 0.5 mm MR fluid layer and MRF-140CG MR fluid from Lord Company. 
The new MR brake performance proves the feasibility for actual application. Further investigations have been 
done to estimate the influence of materials (including different type of steel and MR fluids) and thickness of 
MR layer to output torque. Specific explanations have been given for simulation results based on characteristics 
of each material and structure. The results give a complete pack of materials with related dimension of the new 
MR brake for future research and applications. 
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